Electronic records from the California Animal Health and Food Safety Laboratory System between January 1, 1991, and June 30, 1998, were reviewed, and data on 593 Salmonella serotypes isolated from feces or intestinal contents of adult dairy cattle with diarrhea were analyzed to determine spatial and temporal clustering. A statistically significant clustering in space was detected with 10 (Typhimurium, Montevideo, Muenster, Anatum, Give, Menhaden, Kentucky, Agona, Derby, and Newport) of the 13 serotypes examined. Significant temporal clustering was also detected with 10 serotypes (Typhimurium, Montevideo, Muenster, Anatum, Give, Newbrunswick, Menhaden, Kentucky, Derby, and Newport). Six serotypes (Anatum, Menhaden, Montevideo, Muenster, Newbrunswick, and Newport) were significantly spatially and temporally clustered. A difference in temporal and spatial distribution patterns of some serotypes associated with diarrhea in adult dairy in California was found. Knowledge of the specific type of clustering, if present, should improve our understanding of the transmission and control of salmonellosis in the field.
Salmonella infection is a major cause of diarrhea in dairy cattle. Salmonella Typhimurium infection is the most common cause of enteric salmonellosis in calves and adult cattle in California (P. Blanchard, personal communication). Although there are Ͼ2,200 serologically distinct serotypes of Salmonella, 4 only a few account for the majority of isolates from human and nonhuman sources at public health and veterinary diagnostic laboratories. 6 Several serotypes are rarely isolated in the United States. 1 Although geographic or temporal variations in serotype prevalence are believed to occur, spatial and temporal distributions of Salmonella serotypes have not been quantitatively examined.
The purpose of this study was to determine whether Salmonella serotypes isolated from adult California dairy cattle with diarrhea were spatially and/or temporally clustered.
Material and methods

Sample population
Electronic records from the California Animal Health and Food Safety Laboratory System (CAHFS) were reviewed, and data on Salmonella serotypes isolated from feces or intestinal contents of adult dairy cattle with diarrhea were obtained. A total of 593 records from 1,736 diarrhea cases in adult dairy cattle (age Ն18 mo) between January 1, 1991, and June 30, 1998, were identified as positive for Salmonella. Only one submission per permises was included in the analysis if the same serotype was isolated from any given premises within a 2-wk period.
Bacteriologic analysis
The method used for isolation of Salmonella from feces involved plating feces directly to MacConkey and Hektoen enteric agars and incubating plates at 37 C for 24 hr. Approximately 1 g of feces was also selectively enriched in a 1:10 dilution of selenite broth and incubated for 24 hr at 37 C. Subcultures from the selenite broth were plated to MacConkey and Hektoen enteric agar plates and incubated at 37 C for 24 hr. Non-lactose fermenting colonies were picked from selective agars and identified following standard methods. 5 A minimum of 3 colonies was tested from each sample. Isolates identified as Salmonella were submitted for somatic and flagellar serotyping to the San Bernardino branch of the CAHFLS.
Mapping
For the initial observation of data, records were geolocated by the zip code ϩ 4-digit value for each premises after addresses were standardized based on address standardization software. a The US Postal Service Zip code (Zip ϩ 4) data were converted to x and y coordinates without projection. Maps were created using a GIS b and California base maps supplied by the vendor. Initially, all isolates from a single premises had the same x and y coordinates; however, to avoid mathematical problems associated with 0 distance differences between points, isolates from a single premises were manually dispersed to random points within a radius of 0.4 km.
Statistical analysis
Statistical methods were applied to estimate spatial and temporal clustering of Salmonella serotypes, using a spreadsheet add-in c software program. d Because 21 of 33 serotypes were represented by Ͻ7 isolates during the study period, these 21 serotypes were not examined for clustering.
Spatial clustering. Higher order nearest neighbor analysis 2,13 was used to determine whether all serotypes were clustered within California. The mean observed distance separating k closest points (D obs) was calculated and then com- pared with the expected mean distance of a random (D ran) distribution. A range of k ϭ 1 through 6 was used in this study, and significance was tested using the standardized z statistic. This range was examined to identify clusters from 2-7 dairies.
The Cuzick-Edwards nonparametric spatial test 3 was used to determine whether each serotype was spatially clustered within all isolates to adjust for spatial clustering of dairies. The number of the same serotype among the k (1-6) nearest neighbors of each case was calculated. The test statistic, T k , was compared with the expected statistic, E(T k ), under the null hypothesis of no clustering (nonhomogeneous Poisson distribution). The significance was tested using the standardized z statistic.
Temporal clustering. Temporal clustering of serotypes over the study period (90 mo) was assessed by the scan test. 15 This test was used to examine the number of cases occurring in a given time period (window), to identify the maximum number of cases, and to compare that maximum with the expected number for a time period, given the total number of cases, window width, and number of time periods examined. The number of each serotype in each month was extracted, and then the number of each serotype within a moving time window was calculated. One-through 8-mo windows were examined to compare the maximum number to the expected number of cases. The application of a range of months enables detection of temporal clustering of a more explosive, e.g., 1 mo, or a more subtle, e.g., several months, nature.
Spatial-temporal clustering. Spatial-temporal clustering examines the presence of simultaneous clustering in time and space. Spatial-temporal clustering of serotypes was evaluated with the Mantel test. 7 The sum of the space distance multiplied by the time distances across all case pairs was compared with the expected statistic under the null hypothesis that the time distances are independent of the space distances. The inverse transformation (0.01 for time constant and 0.0001 for space constant) was used to reduce the effect of large space and time distances.
Results
Salmonella spp. were isolated from 593 of 1,736 samples (34.2%) from dairy cattle with diarrhea. A total of 33 different serotypes were identified. Two hundred sixty (43.8%) of the isolates were serotyped as Salmonella Typhimurium (including var. copenhagen). Fifty-seven (9.6%) isolates were serotyped as Salmonella Montevideo. Seven additional serotypes were recovered from between 20 and 30 samples (2.4-5.1%). Other serotypes identified were found in Ͻ20 samples, and 11 of these serotypes were recovered only once. Seventeen isolates were either not typable or contained mixed serotypes ( Table 1) .
The spatial distribution of Salmonella by premises was significantly (P Ͻ 0.001) clustered at the first through sixth nearest neighbors in California (Fig. 1) . Salmonella isolations were concentrated in the Central Valley, where the majority of dairy farms are located.
The Cuzick-Edwards nonparametric spatial test was used to control for this nonrandom sampling and submission distributions. Results showed that serotypes Typhimurium, Muenster (Fig. 2) , Kentucky, Derby, and Newport were significantly (P Ͻ 0.001) clustered from first through sixth nearest neighbor level, and Montevideo (clustered 3-6), Anatum (1-5), Give (4-6), Menhaden (4-6) ( Fig. 3 ), and Agona (3-6) were significantly (P Ͻ 0.005) clustered at the third or fourth through sixth nearest neighbor levels. Because serotype Menhaden was isolated from only 3 counties (Merced, San Joaquin, and Stanislaus), spatial clustering within the 3 counties was also examined. Menhaden isolates were significantly (P Ͻ 0.0005) clustered with respect to all other serotypes isolated in the 3 counties. Serotypes Dublin, Newbrunswick, and Cerro were not significantly (P Ն 0.12) clustered at any level considered within all Salmonella isolates. When all serotypes were included in the scan test, Salmonella isolation was significantly temporally clustered at 1-8-month window size. Serotypes Typhimurium and Montevideo were then excluded from the scan test because they might have influenced cluster analysis of all other serotypes; however, test results showed that the remaining serotypes were still significantly (P Յ 0.04) temporally clustered at 1-8-month window size. The scan test determined that Derby was temporally clustered at all moving windows (1-8 months). Typhimurium (Fig. 4) , Montevideo (Fig. 5) , Menhaden, Kentucky, and Newport were clustered at moving windows size of 2-8 months. Serotypes Muenster (4-8) (Fig. 6 ), Anatum (4-8), Give (3) (4) (5) (6) (7) (8) , and Newbrunswick (3-8) (Fig. 7) were temporally clustered at large monthly intervals. The temporal clustering of Dublin, Cerro, and Agona was not significant (P Ն 0.15) at 1-8 months.
The Mantel test for spatial-temporal clustering showed that serotypes Anatum, Menhaden, Montevideo, Muenster, Kentucky, Newbrunswick, and Newport were significantly (P Ͻ 0.005) spatially and temporally clustered. That is, within each of these serotypes, isolates that were recovered close (far) in time tended to be from nearby (distant) dairies. Serotypes Typhimurium, Agona, Cerro, Derby, Dublin, and Give were not significantly (P Ն 0.10) spatial-temporally clustered.
Discussion
Possible biases should be considered when drawing conclusions from this study. Although the CAHFS serves the entire state of California and samples were received from all over the state, spatial and temporal sampling bias is inevitable. A previous study 11 showed that about 39% of California dairies submit samples to the CAHFS, but submissions tended to be made by larger dairies located within the Central Valley of California. Therefore, data used in the study might not be an accurate representation of the status of all dairies in California. Veterinarians or dairy owners may not submit samples if the cause of the problem is obvious based on clinical signs or history and previous experiences with the dairy. This practice would lead to submission of fewer samples that were close together in both time and space, thus biasing against finding a cluster when it truly exists. However, a very limited number of submissions from the same premises occurred within a period of 2-4 weeks. If such isolates were the same serotype from the same outbreak, findings would be biased toward declaring clustering when it did not exist. Such bias was not considered significant in this study. Because Salmonella can be shed intermittently and bacteriologic culture techniques for Salmonella are not 100% sensitive, culturing of fecal samples may underestimate true prevalence. 12 Therefore, the data from this study may not reflect the true prevalence of Salmonella in adult diarrheic dairy cows in California. In addition, not every animal/herd has an equal probability of being selected, even within the Central Valley. Changes in sample submission patterns over years or changes of laboratory techniques may also contribute to information bias.
Typhimurium was the most common serotype isolated from samples examined and was clustered in time and space but was not simultaneously spatialtemporally clustered. In contrast to many of the other serotypes, which exhibited temporal and/or spatial clustering, the data showed Typhimurium to be endemic in the adult dairy cow population throughout the study period rather than emerging at some point in the study period. Within the time frame of the study, there were periods of increased incidence, suggesting that epidemic events occurred. Typhimurium is a nonhost-adapted Salmonella serotype and can be isolated from a number of different animal species and environmental sources. This study showed that it is more widely distributed in the cattle population and apparently better able to persist in the dairy population as a whole than are many other non-host-adapted serotypes. Typhimurium may be more pathogenic than other serotypes, may be more likely to cause diarrhea of greater severity, and thus may have greater potential than other serotypes for dissemination in a population. Alternatively, Typhimurium may be more prevalent in the environment and other animal species, and the prevalence in cattle may be merely a reflection of overall prevalence. Also, because Typhimurium is known to cause more severe disease in cattle than other Salmonella serotypes, it is more likely to trigger a diagnostic investigation. Thus, the higher overall percentage recovery compared with other serotypes may simply be the reflection of submission bias. The significant temporal, but not spatial-temporal, clustering observed with Typhimurium may be due to the spatially random, sporadic introduction of precipitating factors, such as environmental and nutritional stress, leading to these increases from the background level. However, a simultaneous clustering in time and space was not detected for Typhimurium. As discussed above, when a veterinarian is aware of the agent responsible for diarrhea cases, the tendency to submit samples decreases, leading to submission bias.
The absence of clustering relative to time or space for serotype Dublin in adult cattle with diarrhea is not unexpected. Dublin is host adapted in cattle. 4, 9 Disease associated with this serotype is most commonly seen in calves in California in the form of diarrhea or septicemia. The relatively low recovery rate from adult cows with diarrhea (4.7% of the total isolations), given the frequency with which it causes disease in calves, is likely a reflection of the immunity that develops in adult cattle. Adult cattle are more likely to play a role as carriers of this serotype. Because of the epidemiology of Dublin in cattle, assessment of the spatial and temporal nature of this particular serotype would be better evaluated using calf diarrhea and septicemia data rather than data from adult cows with diarrhea.
Higher order nearest neighbor analysis indicated that all isolations of Salmonella serotypes were highly clustered in California. This is not remarkable because dairies are clustered within the state. The Cuzick-Edwards test is more appropriate for detecting clusters within a heterogeneously distributed sample. By applying this nonparametric test, spatial clustering of serotypes could be detected that was not easily recognized by comparing serotype distribution maps.
Temporal clustering and trends were easily detected with monthly frequency bar charts ( Figs. 4-7) , as was especially evident with a number of the less pathogenic, non-host-adapted serotypes. For example, serotype Menhaden emerged for the first time mainly in 1995 and 1996 and has substantially decreased in prevalence since 1996. However, serotypes Muenster ( Fig. 6) and Newbrunswick (Fig. 7 ) both appear to have emerged in 1996 and have continued to be recovered regularly since then. These visual observations from the monthly frequency bar charts were confirmed with the scan test. The presence of significant multiple-month time clusters supports the argument that these epidemics are the result of interfarm transmission and not pointsource infections alone, which would result in a significant 1-month cluster. This argument holds even if the initial outbreaks resulted from a point source, e.g., a feed mill 10 or an infected herd supplying replacement heifers, or from an increase in the susceptible population, resulting in an epidemic. Temporal clusters occurring only with larger multiple-month periods, e.g., as observed for serotype Montevideo (3-6 months), indicate a more sporadic endemic condition.
Assessing spatial and temporal clustering for less pathogenic, non-host-adapted serotypes appears to be a useful method for early recognition of newly emerging serotypes in populations. Although some serotypes of Salmonella appear to have emerged recently in the California dairy cattle population, other serotypes have decreased substantially in their prevalence. Serotype Newport was considered uncommon in dairy cattle in California prior to 1985 but emerged as one of the most common types isolated from cattle in the mid-to late 1980s. 10 However, only 7 isolations of this serotype were made from adult dairy cattle during the 7.5year period of this study, i.e., only 1.2% of the total Salmonella isolations. Factors accounting for the emergence and subsequent decrease in prevalence of different serotypes are not entirely clear.
Sources for Salmonella infections in cattle include feed, 1,12 other animals including birds and rodents, 9, 14 and environmental contamination. 8 Therefore, a number of risk factors are associated with salmonellosis in dairy cattle. Identification of either spatial or temporal clustering patterns can be used to focus on potential factors associated with risks for acquiring Salmonella infection by using spatially or temporally relevant data. Analysis of temporal and spatial patterns also could be used for a number of other purposes, including more precise tracking of specific strains, such as monitoring the emergence or spread of strains within a serotype. One such example would be for tracking Typhimurium Definitive Type 104 temporally and by geographic distribution. These methods could also be useful for monitoring specific antibiotic resistance patterns within particular species or serotypes both over time and by geographic location. With modest computer programming, veterinary diagnostic laboratories could incorporate these procedures as part of their routine surveillance program for a variety of diseases or could monitor pattern changes for specific pathogens. Such information could then serve as an early recognition system for implementing intervention and control strategies. 
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